In this study, a bacterial cellulose (BC) producing strain was isolated from Kombucha tea and identified as Komagataeibacter hansenii JR-02 by morphological, physiological, and biochemical characterization and 16S rRNA sequence. Then, the media components and culture conditions for BC production were optimized. Result showed that the highest BC yield was 3.14 ± 0.22 and 8.36 ± 0.19 g/L after fermentation for 7 days under shaking and static cultivation, respectively. Moreover, it was interesting that JR-02 could produce BC in nitrogen-free medium with the highest yield of 0.76 ± 0.06 g/L/7days, and the possible nitrogen fixation gene nifH was cloned from its genomic DNA.
Introduction
Bacterial cellulose (BC), an extracellular polysaccharide consisting of glucose molecules that connected together by β-1,4-glycosidic bonds, is synthesized by some microorganisms [1, 2] . Different from plant-derived cellulose, BC exhibits high chemical purity and high crystallinity as it is devoid of lignin and hemicellulose [3] [4] [5] . Furthermore, BC also possesses many distinct superior properties, such as high water-holding capacity, high Young's modulus, as well as excellent biological affinity, biocompatibility, and biodegradability. Therefore, this kind of promising applicative material has broad application prospects in many traditional and emerging industries, such as food, paper-making, textile, medicine, acoustic membranes, biomedical engineering, electric conductors, and magnetic materials [3, [6] [7] [8] . Library (wileyonlinelibrary.com) Various BC producing microorganisms had been found and identified, such as Agrobacterium, Pseudomonas, Rhizobium, and Sarcina since Brown isolated the first strain named Acetobacter xylinus in 1886 [6, 9] . Among the BC producing bacteria, Komagataeibacter genus was considered as the mainstream bacteria of BC production because of their high productivity [10, 11] . As literatures reported, Acetobacter sp. A9 strain, which was isolated from apple, could produce 2.2 g/L BC after 5 days of shaking culture [12] , and the BC yield of K. hansenii NCIM 2529 was 3.0 g/L in shaking condition [13] , and K. hansenii P2A in HS medium produced 1.89 ± 0.08 and 3.25 ± 0.11 g/L BC in static and shaking culture, respectively [14] , K. rhaeticus strain P 1463 isolated from the Kombucha tea could produce BC 4.40 ± 0.22 g/L under static conditions [15] . However, the low fermentation yields and high production costs are still bottlenecks for industrial applications. When compared with non-nitrogen-fixation BC producing strains, nitrogen fixation strains have cost advantage in BC production because they do not need to add additional nitrogen sources. Currently, there are only six members of the Acetobacteraceae family characterized with the capacity of nitrogen fixation [16] . Therefore, screening and studying of bacteria that has BC-producing and nitrogen-fixation ability are significant for the industrial application of BC.
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On the other hand, the crystal structure is one of the most significant properties of BC because it can influence the mechanical and interfacial properties of cellulose [4] . BC is found to be I α -rich cellulose with a high crystallinity up to 84%-89%, whereas the most plant cellulose are I β -rich cellulose with a crystallinity vary from 40% to 60% [17, 18] . This leads to a high Young's modulus of BC in the range of GPa and the tensile strength in the range of 200-300 MPa [19] . Because of its superior quality, BC has been widely used as reinforcing elements in polymer matrix. Therefore, the higher crystallinity of the BC means that it has better quality and a wider application prospect.
The aim of this study was to search a microorganism that could produce BC with high quality and high yield under static and shaking cultivation. Following this goal, we isolated and identified a BC producing strain from Kombucha tea. The effects of media components and culture conditions on BC production were also optimized. The structure and constitute of BC were characterized by field emission scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy (FTIR), and X-ray diffractometry (XRD) techniques. Besides, some factors that had a significant effect on morphology and crystallinity of BC were investigated by XRD. Overall, these results indicated that K. hansenii JR-02 had great potential to produce high crystallinity type-I BC in manufacture.
Materials and Methods

Materials
The screening medium were modified according to HS medium [20] and were used here for microorganism isolation, which contained 20 g of glucose, 5 g of yeast extract (YE), 5 g of CaCO 3 , and 20 g of agar in 1 L deionized water. The medium should be mixed with 2% ethanol (v/v) before pouring into petri dishes.
Seed medium contained 40 g of glucose, 2.5 g of YE, 2 g of citric acid monohydrate, 0.1 g of MgSO 4 , 2 g of Na 2 HPO 4 in 1 L deionized water, and pH was controlled at 5.00 ± 0.01 by pH meter (TOLEDO 320; METTLER, Zurich, Switzerland). The medium should be blended with 2% (v/v) ethanol after sterilization.
Modified HS medium was used as basal medium for BC production, which contained 20 g of glucose, 2.5 g of YE, 2.5 g of peptone, 1.15 g of citric acid monohydrate, 2.7 g of Na 2 HPO 4 in 1 L deionized water, and pH was adjusted to 5.80 ± 0.01.
Methods
Microorganism isolation and preservation
The methods of microorganism isolation and preservation were performed according to Yang et al. [11] and Trovatti et al. [21] . The samples from Kombucha tea were diluted stepwise by deionized water, making for serial dilutions. Then, each dilution sample (0.1 mL) was spread on the screening medium and cultured at 28
• C for 3-5 days. Those acid producing isolates were picked out and tested for BC production in shake flask cultivation containing 50 mL of basal medium at 28
• C. After cultivation for 7 days, one strain that produced celluloselike translucent pellicle was picked out. Then, the strain was named JR-02 and kept in 30% glycerol solution at −80
• C for further analysis.
Identification of BC producing strain
The strain JR-02 was identified by morphological, physiological, and biochemical analysis according to Bergey's Manual of Systematic Bacteriology and other reports [16, [22] [23] [24] [25] . The morphology of colonies on the screening medium were recorded and evaluated. The cell morphology was observed through an optical microscope (Olympus CX41; Olympus Corporation, Tokyo, Japan). The detailed information of physiological and biochemical characteristics of the strain JR-02 were listed in the Table 1 .
16S rRNA sequence analysis
Bacteria genomic DNA of the BC producing strain was extracted using a Ezup Column Bacteria Genomic DNA Purification Kit (Sangon, Guangzhou, China) according to the instructions provided by the manufacturer. PCR amplification of the 16S rRNA gene fragment used the universal primers, forward primer 7f and reverse primer 1540r . The PCR amplified products were sequenced by Sangon (Guangzhou, China) Biotech Co. The phylogeny tree was constructed by neighborjoining method using MEGA 7.0 software.
Cloning and sequencing of nifH gene
The methods of cloning nifH gene were modified according to Gaby and Buckley [26] . The PCR amplification of 
Cultivation and purification of cellulose products
For seed culture, colonies of strain JR-02 were inoculated into 50 mL of seed medium in a 250 mL shake flask at 180 rpm and cultured at 28
• C for 24-26 H. The inoculum was seeded into the basal medium at the level of 2% (v/v). Shaking and static culture were carried out in 250 mL shake flask containing 50 mL of basal medium at 28
• C, 180 rpm. After cultivation for 7 days, the cellulose products were harvested and washed with deionized water repeatedly to remove excess medium and other impurities. Then, the cellulose products were rinsed in 0.1 N NaOH solution at 100
• C for 30 min to remove microorganism cells and residual medium left in them. Next, the cellulose products were washed with deionized water repeatedly until the pH of the water became neutral. Finally, the samples were freeze-dried or oven-dried at 105
• C in petri dishes to constant weight.
Effect of media components and culture conditions on BC production
Various carbon sources (glucose, fructose, maltose, sucrose, lactose, mannitol, glycerol, and malt syrup), ethanol, organic acids (citric acid, malic acid, succinic acid, and ɑ-ketoglutaric acid), and nitrogen sources (YE, beef extract, tryptone, soytone, peptone, corn steep liquor (CSL), and YE powder) were evaluated under different culture conditions on the basis of basal medium for enhancing the BC production. BC concentration was recorded as the dry weight of cellulose product within the volume of medium in liter (g/L). The residual sugar of the culture medium was determined using the dinitrosalicylic acid method. All experiments were carried out in triplicate for ensuring the accuracy of the results.
FE-SEM
FE-SEM (SU-8020; Hitachi, Tokyo, Japan) was used to determine the morphology of gold-coated samples of bacterial cells and BC.
Sample preparation methods of the bacterial cells were performed according to Xiao et al. [27] . The bacterial cells were fixed with 2.5% glutaraldehyde solution for more than 2 H, then washed three times in the phosphate buffer. The fixed cells were dehydrated by a stepwise ethanol (50%, 70%, 85%, 95%, and 100%) for 20 min. Then, the fixed cells were dehydrated by tert-butyl alcohol overnight and dried by vacuum oven at 80
• C.
FTIR
The dried cellulose samples were tested by Fourier transform infrared spectra (Nicolet iS50; Thermo Scientific Inc., Waltham, MA, USA). The recorded data of each measurement were accumulated by 32 scans from 4,000 to 400 cm −1 with resolution of 0.01 cm −1 .
XRD
The dried cellulose samples were cut in a rectangular shape for testing by thin-film XRD (DX 2700A 
where I 002 is the intensity at (002) peak and I am is the minimum intensity between (101) and (002) peaks. Crystallite size (CrS) could be calculated by Scherrer equation as [29] following (2):
where k is the shape factor (0.9), λ is the X-ray wavelength (1.54Å), β is the line broadening at half the maximum intensity (FWHM) in radians and θ is the Bragg's angle.
FIG. 1
The morphological observation of strain JR-02. (a) Colonies without magnification. (b) Cells of 1,000 times magnification (negative stain). (c) Cells of 2,000 times magnification under FE-SEM. (d) Cells of 10,000 times magnification under FE-SEM.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) and differential thermal analysis (DTG) data of all samples were carried out using a differential thermal-thermogravimetric analyzer (DTG-60; Shimadzu, Kyoto, Japan). The average weight of the samples was approximately 3 mg. Scan rates of 20 • C·min −1 over a temperature range of 20-580
• C were applied. All specimens were in sheet form and tested under an inert (N 2 ) atmosphere.
Results and Discussions
Microorganism isolation and identification
After repeated screening separations, we isolated a BC producing strain from Kombucha tea and named JR-02. The morphological, physiological, and biochemical tests, as well as 16S rRNA sequence analysis were carried out to identify the BC producing strain.
Morphological analysis
As shown in Fig. 1a , the colonies were rounded edge and uplift in center. The surfaces of colonies were smooth and their colors were milky white without pigment. It can be learned that the Gram staining result of JR-02 was a Gram-negative bacterium (Fig. 1b) . As shown in Fig. 1c , it can be found that the cells were short thick rod shape with the size about 0.5-1.0 μm in width and 2.0-3.0 μm in length. In Fig. 1d , the bacterial cells occurred singly or in pairs and accumulated a large number of cellulose products around the them. Furthermore, the cells constructed a porous three-dimensional network structure by their own products and embedded in it.
Physiological and biochemical analysis
Just like strain JR-02, K. hansenii RG3 were isolated from Kombucha tea too [16] , but the physiological and biochemical characteristics of them were not completely consistent with each other (Table 1) . Strain JR-02 could grow in nitrogen-free medium, which indicated that JR-02 had a capacity of nitrogen fixation. However, it had reported that only six members of the family Acetobacteraceae had nitrogen-fixing capacity [16] . Negative reactions were observed for urea utilization and gelatin liquefaction. Strains JR-02 could not grow at incubation temperatures below 20
• C and above 37
• C. Cell growth was not observed when medium pH was below 2.0 and above 8.0. Incubation temperature of 28-30
• C and pH of 5.0-6.0 were optimal ranges for cell growth.
16S rRNA sequence analysis
The sequencing result of strain JR-02 showed that the length of the 16S rRNA sequence was 1,345 bp. The phylogenetic relationship of strain JR-02 based on the sequencing result was built by neighbor-joining method with the help of software MEGA 7.0 (Fig. 2) . JR-02 (KY941132.1) had the close evolutionary relationship with K. hansenii ATCC 23769 (AB166734.1) and type strain of K. hansenii NCIB 8746 (X75620.2). In addition, the 16S rRNA sequences analysis showed 99.2% similarities between them. Furthermore, strain JR-02 had a high bootstrap value (99.1% similarities) in the 16S rRNA sequence analysis with K. hansenii RG3 (AY688433.2), which displayed both of nitrogen-fixation and cellulose-producing capacities [16] . From the above results, stain JR-02 was identified as a new isolate of K. hansenii group.
nifH gene sequence analysis
The sequencing result from showed that the length of the nifH gene sequence was 307 bp. The nucleotide BLAST result from the NCBI also showed that the nucleotide sequence of nifH gene of JR-02 had high similarity with the nifH gene of the reported nitrogen-fixers, such as 86% with Acetobacter diazotrophicus (AF001432.1), 87% with Azospirillum brasilense (X51500.1), 87% with Rhizobium (M16710.1), 98% with Bradyrhizobium sp. Z15 (KM093817.1), and 98% with Pseudomonas sp. B4 (JN020960.2). However, when compared the nifH gene sequence of strain JR-02 with K. hansenii RG3 (DQ141200.1), there were no significant similarity between them. Therefore, K. hansenii JR-02 was determined as a novel nitrogen-fixer of K. hansenii group.
Effect of media components and culture conditions on BC production
In order to improve the BC production of K. hansenii JR-02, the effects of media components and culture conditions on BC production were optimized using various carbon sources and nitrogen sources under different culture conditions.
Effect of carbon source on BC production
Various carbohydrates were compared as the sole carbon source in basal media to determine which was the best carbon source for producing the highest BC yields. As shown in Fig. 3a , the strain JR-02 effectively utilized glycerol, fructose, and glucose for BC production under shaking condition. In contrast, the strain JR-02 could get higher BC yields by using glycerol and mannitol as carbon sources under static condition. Maltose, sucrose, lactose, and malt syrup showed lower BC production under both shaking and static conditions. It is well known that uridine diphosphate glucose is the precursor of cellulose synthesis and it could be converted from glucose [30] . Therefore, the sufficient supply of glucose can enable BC production bacteria to achieve higher yield and conversion efficiency. When the glucose concentration in the medium increased to 6% (w/v), the highest BC yield of JR-02 under static cultivation could be reached 8.36 ± 0.19 g/L. It was interesting to note that glycerol, a ternary alcohol, got the highest BC yields both in shaking and static conditions. The high conversion rate of glycerol may be due to the fact that it could participate in the BC synthesis system by pentose phosphate and gluconeogenesis pathway. However, the high procurement cost of high purity glycerol makes it difficult to apply to industrial production of BC. When synthesized BC by maltose, sucrose, lactose, and malt syrup, the additional metabolic steps were required to hydrolyze the disaccharides into monosaccharides, such as glucose and fructose. Compared with glucose, fructose was not an ideal choice for BC production in static condition. The BC yields of mannitol also showed obvious decline in shaking conditions than that in static conditions. Therefore, considering the cost and conversion efficiency of BC production, glucose should be the best choice for strain JR-02 producing cellulose.
Effect of ethanol on BC production
Son et al. [12] have reported that the BC production of Acetobacter sp. A9 could be enhanced for about four times by adding ethanol in the medium at 1.4% (v/v) concentrations. Therefore, we added different concentrations of ethanol in the basal medium to verify its effect on BC production.
As shown in Fig. 3c , it was found that the addition of ethanol stimulated BC production markedly. The highest BC yield in shaking culture was observed when ethanol added in the media at 1.5% (v/v) concentrations. When compared with control experiment, the BC productivity of strain JR-02 increased more than two times in shaking culture. The strain JR-02 had the highest BC production (5.04 ± 0.17 g/L), which was about 4.2 times higher than that without adding 2% (v/v) ethanol to the basal media in static culture (1.20 ± 0.22 g/L). It inferred that ethanol could be possible to inhibit the formation of cellulose nonproducing cells of strain JR-02 [31] . The results presented here supported the finding that ethanol could enhance the BC productivity of strain JR-02.
Effect of organic acid on BC production
Total six kinds of organic acids were added to the basal media at 0.115% (w/v) concentrations as the auxiliary carbon sources to evaluate their effect on BC production of strain JR-02 in static and shaking conditions. The control experiments were carried out in the basal media without any organic acids.
As shown in Fig. 3d , lactic acid was found to be the best among the organic acids for BC production in static condition. Lactate was not a substrate of BC production, but it could be oxidized to pyruvate by lactate dehydrogenase and acted as an accelerator driving the TCA cycle and resulting in stimulation of cell growth during the early stage of culture [31, 32] . Therefore, the addition of lactic acid could improve the BC productivity of strain JR-02 in static condition. Although shaking culture improved the dissolved oxygen and eliminated the diffusion limitations, the improvement of BC productivity in shaking condition was still limited. This was probably because lactic acid diverted the flow of the sugar metabolic pathway from BC production into TCA cycle [12] .
Acetic acid was found to be the best organic acid for BC production in shaking condition as compared with the other different investigated organic acids (citric acid, malic acid, succinic acid, and ɑ-ketoglutaric acid) in our studies (Fig. 3d) . Yassine et al. [33] found that the addition of acetic acid to the culture medium before inoculation could limit the decrease in the pH level of culture. It indicated that the presence of acetic acid in the basal media could limit organic acid production and accumulation of strain JR-02 and keep the culture in the optimal condition for BC production. In addition, adding acetate buffer in culture media was also an effective method to improve BC production.
An idea expected that tricarboxylic acid (TCA) cycle, an important metabolic and energy supply system of aerobic bacteria, could be accelerated by adding intermediate metabolites in culture. However, compared with the control experiment, it was not ideal to enhance the BC production by adding citric acid, ɑ-ketoglutaric acid, succinic acid, or malic acid to the basal media.
Effect of nitrogen source on BC production
To investigate the effect of nitrogen sources on the BC production, various nitrogen sources were provided at 0.5% (w/v) instead of YE and peptone as the sole nitrogen source in the basal media. The control experiments were carried out in the nitrogen-free media, which were prepared according to the basal medium without adding any nitrogen source.
Both in shaking and static conditions, YE powder was found to be the best nitrogen source for BC production (Fig. 3b) . Furthermore, the strain JR-02 could also effectively utilize soytone and CSL as nitrogen source for BC production. With YE, beef extract, tryptone, or peptone as a nitrogen source, there was a relatively low level of BC production.
The YE powder was freeze-dried powder of YE, which contained more nutrients than YE in the same weight. Thus, the BC yields of YE powder (2.16 ± 0.19 g/L) were more than two times than that of YE (1.12 ± 0.01 g/L) in shaking condition. Cost effectiveness of the media in terms of the yield of BC production was an important factor, hence the expensive nitrogen sources such as YE powder were not suitable for BC production. In contrast, CSL was a kind of ideal nitrogen source due to its rich nutrient, buffering capacity, and low cost.
Unlike other cellulose-producing bacteria, K. hansenii JR-02 could produce cellulose in both nitrogen-free medium and nitrogen-containing medium. After shaking cultivation for 7 days, the highest yield of BC was 0.76 ± 0.06 g/L in basal medium without nitrogen resource. It was significantly higher
FIG. 4
Time courses of BC production by strain JR-02 in shaking and static conditions. than the BC productivity of some other cellulose-producing bacteria in nitrogen-containing medium. For example, the BC yield of K. xylinus K3 in HS media was just 0.217 ± 0.027 g/L and K. hansenii PJK was 0.35 g/L [34, 35] . However, the BC productivity of strain JR-02 in nitrogen-free medium could be further enhanced by optimizing the media components.
Effect of culture conditions on BC production
A comparison of the BC production, glucose consumption, and pH of strain JR-02 in shaking and static conditions were shown in Fig. 4 . When cultivated at 28
• C and 180 rpm in shaking condition, the BC produced by strain JR-02 increased slowly during the first 3 days, with a slight decrease of residual sugar. Then, the BC concentration started to quickly increase and the glucose was quickly consumed after the 4th day. Although the strain JR-02 showed the same growth trend in shaking and static conditions, it could have a higher BC productivity in static condition. After shaking cultivation at 180 rpm for 7 days, the BC production in basal medium was 3.14 ± 0.22 g/L. In comparison, the BC productivity in static culture was 4.62 ± 0.29 g/L, suggesting that culture conditions significantly affected the BC production and cells metabolism of strain JR-02.
Generally, shaking culture might be a most suitable technique for BC production because of the higher dissolved oxygen of shaking cultivation, which was conducive to the growth of aerobic bacteria JR-02. In static culture, bacteria synthesized BC as the supporting structure to immobilize themselves in the gas-liquid interface in order to obtain sufficient oxygen supply. Although the high dissolved oxygen in shaking culture could meet the need of aerobic bacteria growth, it also reduced the demand for BC to build supporting structure. Therefore, many of the carbon sources were used for cell growth and metabolism, rather than the synthetic product. With the active growth of the strain JR-02 cells, by-product of metabolism of organic acids accumulated quickly. The accumulation of metabolites occupied a large amount of carbon source for BC synthesis and resulted in a sharp drop of the pH of shaking culture at the first day (Fig. 4) . In general, keeping the pH of fermentation environment stable for a long time could improve cellulose production and reduce the total fermentation time [36] . However, the lower pH would inhibit microbial growth and BC production of strain JR-02 in shaking condition. Moreover, due to the genetic instability of BC producers, the shear stress generated in shaking culture would cause the Cel + cells (BC producing cells) to be converted into Cel − mutants, resulting in the decrease of BC yield [34] . These revealed the reason why the BC productivity of strain JR-02 in shaking condition was lower than that in static condition.
In order to improve the BC productivity of strain JR-02 in shaking condition, we could try to screen the highest cellulose producing strain or add an appropriate amount of acetate buffer in media for maintaining the pH suitable for BC production or choose an optimum impeller speed for eliminating the Cel − mutants [37] [38] [39] . In future research, the BC productivity of strain JR-02 would be further improved by optimized design of media and fermentation conditions.
Morphological and structural characterization of BC
The culture conditions not only affected the BC production, but also affected the morphology and properties of BC produced by strain JR-02. In static culture, the product of strain JR-02 was a translucent BC pellicle formed at the gas-liquid interface and thicken with time. In fact, different BC producing bacteria could produce various shapes of BC in shaking culture, such as spherical, threadlike, flocculent, or conglomerate. The BC produced by JR-02 in shaking culture was really different from the products of other BC producing bacteria. In the early stage of fermentation, BC was suspended in the broth as floccules. Then, floccules were gradually aggregated with the accumulation of products. After that, the bacteria would form complete BC films on the surface of the flocs and wrap it layer by layer. Finally, a gel conglomerate was formed.
FE-SEM
The morphological structure of BC produced by strain JR-02 in different culture conditions was examined using FE-SEM. The well-organized three-dimensional network structure of BC was evidently observed in Fig. 5 . It could be found that mostly uniaxially oriented ribbons characterized cellulose were formed in static condition (Fig. 5a ). In contrast, the network structure of BC in shaking culture was formed by the disorderly, curved, and dense fibers as shown in Fig. 5b . In addition, the micrograph revealed that the fibers in static condition were much thicker than those in shaking condition. The width of the fibrils produced under shaking conditions ranging from 35 to 55 nm. Differently, the width of the fibrils produced under static conditions was approximately 40 nm, whereas the main fibrils would exceed 70 nm. Therefore, in order to maximize the mechanical strength of BC, it was likely that static culture would be more favorable than shaking culture. This result was consistent with previous reported that shaking culture resulted the disordered microstructure and lower mechanical strength of BC [17, 40] .
FTIR
The FTIR analysis of BC produced by strain JR-02 in static and shaking conditions was carried out to investigate their structure and constitute (Fig. 6 ). The broad band appeared at 3,340.9 cm −1 , which was the characteristic absorption peaks of BC, and that was attributed to the stretching vibration of intramolecular hydrogen bond. The weaker absorption band appeared at 2,890.3 cm −1 and that was represented the C-H stretching vibration. Absorption signal at 1,634.6 cm −1 indicated the stretching vibration of C-O bond. The absorbance band at 1,431.3 cm −1 , corresponding to the symmetric CH 2 bending vibration, was correlated with the degree of crystallinity and referred as "crystallinity band." [41] . The absorption band at 1,163.8 cm represented stretching vibration of C 2 O 2 , C 3 O 3 , and C 6 O 6 , respectively. These results indicated that the products of JR-02 were cellulose I, which were in agreement with relative reports [11, 17, 21] . Crystallinity was an important parameter of BC property, which was related to the internal structure of BC. The improvement of cellulose crystallinity might be caused by the enhancement of the intramolecular hydrogen bonding [42] . The width and intensity of the absorption peak at 3,340.9 cm −1 decreased under shaking culture condition, which indicated that shaking culture would reduce the intramolecular hydrogen bonds significantly. In addition, the absorbance band at 1,431.3 cm −1 , which was correlated with the degree of crystallinity, was sharper and with higher intensity under static culture. Therefore, we hypothesized that shaking culture would destroy crystal structure of BC.
XRD
In Fig. 7 , the XRD profiles of BC obtained by different culture methods showed three distinct diffraction peaks at 14.4
• , 16.5
• , and 22.6
• , which were assigned to crystallographic planes of (101), (101), and (002), respectively. The results of XRD analysis showed the typical crystal structure of type I cellulose, which were in agreement with previously reports [11, 43, 44] . The CrI and CrS of BC produced by two culture modes were calculated according to Eqs. (1) and (2), and listed in Table 2 with interplanar crystal distance (d-spacing).
As shown in Fig. 7 , with the prolonging of fermentation time, the diffraction intensities of BC produced by static and shaking cultivation were both increased. Besides, the diffraction intensities of BC produced by static cultivation were higher than shaking cultivation under the same fermentation time. These results indicated that the crystal structure of BC was related to the different cultivation types and time. According to Table 2 , it could be found that the crystallinity and CrS of BC produced by strain JR-02 increased with the extension of the culture period. Difference in the d-spacings was related to the proportion of I α and I β cellulose [45, 46] . The increase in d-spacings after 3 days may be due to the increase in proportion of I α allomorph. Generally, the growing β-1,4 glucan chains of BC were randomly distributed and slightly orientated in the first 3 days. The crystallinity of BC obtained by 3 days' shaking culture was just 66.42%, whereas that in static condition had exceeded 80%. This difference may be due to the shear force which would destroy the crystal structure of BC in shaking condition. After 5 days, the crystallinity of BC was reached high both in static and shaking cultivation. It may be attributed to the fact that the formation of BC pellicles on the surface of the shaking product played an important role in reducing friction and protection. The crystallinity of BC produced by strain JR-02 were superior to that of K. xylinum BCRC12335 (70.54%), K. intermedius CIs26 (75%), and K. hansenii P2A (78.7%), which indicated that the product of strain JR-02 had better crystal structure and mechanical properties [11, 14, 47] . As the allomorph of cellulose I, cellulose II could be formed from cellulose I through chemical treatments, such as mercerization [48] . Cellulose II could be easily detected base on FTIR bands, two peaks at 3,495 and 3,443 cm −1 , which are assigned to OH stretching vibrations of cellulose II [49] . In addition, the XRD of cellulose II presents the diffraction peak located at 12.1
• and 20.8
• , which are characteristic of cellulose II [50] . In this study, we could conclude that cellulose I was the fermentation product of strain JR-02 in shaking and static cultivation.
TGA
TGA and differential DTG curves of BC produced by strain JR-02 in static and shaking culture were shown in Fig. 8 . As usual, there was a slight loss of mass near 100
• C due to the evaporation of moisture in the sample of BC [51] . Such physically absorbed water was mainly associated with the amorphous areas, whereas the crystalline areas generally did not absorb water [52] . In this region, the weight loss of BC produced in shaking culture was more obvious than that of static cultivation BC, indicating that shaking cultured BC had higher moisture content and amorphous proportion. After the dehydration of BC, it entered the depolymerization and decomposition stage. The TG curve showed that the sharp weight loss of shaking cultured BC started at temperature of about 220
• C, whereas that of static cultured BC started at about 260
• C. Besides, a derivative of TG curve (DTG) was shown as well. The DTG curve showed that the maximum rate of weight loss of shaking and static cultured BC occurred at temperature of approximately 369.1
• C and 373.1
• C, respectively. The final residue value of shaking and static cultured BC at 580
• C was about 15% and 16.8%, respectively. Based on the above experimental results, it can be concluded that BC produced by strain JR-02 has a great thermodynamic stability.
The thermal degradation temperature is affected by the structural parameters such as molecular weight, crystallinity, and orientation of BC [53] . The higher thermal degradation Applied Biochemistry temperature and lower moisture content of static cultured BC indicated that its crystallinity was higher than shaking cultured BC. This result was consistent with the result of XRD analysis.
Conclusions
Komagataeibacter hansenii JR-02, which had nitrogen-fixation and high crystallinity type-I cellulose producing capacity, was isolated from Kombucha tea and identified as a new isolate of K. hansenii group. Its BC yield could be effectively improved by optimizing the culture components and conditions. In addition, it had a cost advantage in BC production when using nitrogenfree media. The BC produced by strain JR-02 in static condition had higher yield and crystallinity than shaking cultured BC. All these results suggest that K. hansenii JR-02 has great potential to produce high crystallinity type-I BC in manufacture.
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